Abstract: It is shown that the rate of two-photon absorption can be greatly reduced by the generation of entangled photon holes that are analogous to the holes of semiconductor theory.
Introduction
Most experimental demonstrations of the effects of entanglement require highly nonclassical input states, single-photon detectors, and an analysis of the coincidence properties of the detected photons. Here we show that entanglement can have a major effect on a classical input state that can be observed using classical detectors after the incident beam has passed through a two-photon absorbing medium. These effects can be interpreted as being due to the generation of entangled photon holes that are analogous to the holes of semiconductor theory.
The entangled state of interest here can be understood most easily by comparison with the energy-time entanglement familiar in parametric down-conversion experiments, as illustrated in Fig. 1a . In downconversion, two photons are emitted at essentially the same time, but that time is uncertain in the quantummechanical sense, with an equal probability amplitude for the pair of photons to have been emitted at the times labeled A and B, for example. Here we assume that the incident state has a uniform probability amplitude for the detection of a pair of photons, as illustrated in Fig. 1b . Two-photon absorption will annihilate a pair of photons at essentially the same time, but that time will also be uncertain in the quantummechanical sense, with an equal probability amplitude for a pair of photons to have been removed at the times labeled A and B, for example. It can be shown that the entangled photon holes of Fig. 1b can produce a violation of Bell's inequality using two distant interferometers that is similar to that produced by the entangled pairs of photons of Fig.  1a . Here we are concerned instead with the effects of the entangled photon holes on the rate of two-photon absorption. Roughly speaking, when the probability amplitude of the depleted regions of Fig. 1b reach zero, then there will be no significant probability for two photons to be in the vicinity of the same atom at the same time. Thus one would expect the rate of two-photon absorption to be greatly reduced, even though the probability of finding two photons in two different locations should be unaffected.
Numerical results
In order to investigate the effects of the entangled photon holes described above, a weak coherent state was assumed to be incident on a series of equally-spaced three-level atoms. The field was assumed to be a651_1.pdf QThL2.pdf confined to a single-mode optical fiber so that the problem was one-dimensional. The input state corresponded to two gaussian pulses at two different frequencies whose widths were less than the separation of the atoms. Schrodinger's equation was then integrated numerically using Mathematica. A more detailed description of the calculations can be found in Ref. 1. Figs. 2a and 2b show the single-photon intensity and the two-photon detection probability, respectively, for the incident gaussian pulses. Figs. 1c and 1d show the corresponding quantities after the pulses have passed through the vicinity of five atoms. It can be seen that the single-photon intensity is very nearly the same as for the incident pulse, whereas the two-photon detection probability shows a dip that corresponds to the entangled photon holes of Fig. 1b . The probability of both photons remaining after propagating through atoms is shown in Fig. 3a , where it can be seen that the two-photon absorption rate is greatly reduced after roughly 20 atoms. This can be interpreted as being due to the generation of entangled photon holes as described above. Fig. 2b shows the remaining intensity in the beam based on a semiclassical calculation, which is in disagreement with the second-quantized results of Fig. 3a. Finally, Fig. 3c shows the probability of both photons remaining for the case in which the two photons travel in opposite directions. In that case, the entangled photon holes propagate away from each other and do not reduce the probability of finding two photons in the same location.
N
The analogy with the holes in semiconductor theory is limited by the fact that the photons are bosons instead of fermions, so that the probability amplitude in the constant background is not unity as it is in semiconductors below the Fermi level. Nevertheless, the concept of entangled photon holes appears to be useful in predicting and understanding new phenomena, such as the results shown in Fig. 3 . This work was supported by DTO, ARO, and IR&D funds. a651_1.pdf QThL2.pdf
